We experimentally realize an incoherent microwave source driven by voltage-controlled quantum tunneling of electrons through nanoscale normal-metal-insulator-superconductor junctions coupled to a resonator. We observe the direct conversion of the electronic energy into microwave photons by measuring the power spectrum of the microwave radiation emitted from the resonator. The demonstrated total output power exceeds that of 2.5-K thermal radiation although the photon and electron reservoirs are at subkelvin temperatures. Measurements of the output power quantitatively agree with a theoretical model in a wide range of the bias voltages providing information on the electrically-controlled photon creation. The developed photon source is fully compatible with low-temperature electronics and offers convenient in-situ electrical control of the photon emission rate with a predetermined frequency, without relying on intrinsic voltage fluctuations of heated normal-metal components nor suffering from unwanted dissipation in room temperature cables. In addition to its potential applications in microwave
Introduction
Superconducting circuits provide a promising platform for quantum technological applications, 1 such as quantum information processing, 2-8 sensing, [9] [10] [11] and refrigeration of electric components. [12] [13] [14] [15] In particular, microwave photons constitute a fundamental and controllable medium 16 for energy and information transport between quantum electric components. For example, quantumlimited heat conduction between nanoelectronic components mediated by microwave photons has been measured, 13, 17 even through coplanar waveguides (CPW) across macroscopic distances. 18 In this context, an on-chip tunable photon source with high dynamic range is desirable since it can provide reference photons with a given frequency for calibration of cryogenic devices such as microwave photon detectors. 10 Importantly, the photons created on a chip minimize unwanted and difficult-to-calibrate losses which typically occur in microwave cables and connectors. Thus, ondemand creation of microwave photons 19, 20 and improvement of the dynamic range of the sources are fundamental to electric quantum circuits.
It is well known that tunneling of electrons across a nanoscale barrier can lead to energy exchange with the coupled electromagnetic environment such as a resonator. 14, 15, [21] [22] [23] [24] [25] Consequently, several schemes of resonator state control based on the quantum tunneling of electrons have been introduced using, for example, Josephson junctions, 26, 27 superconducting qubits, [28] [29] [30] [31] and quantum dots. [32] [33] [34] [35] Even refrigeration of a superconducting microwave resonator mode has been demonstrated using controlled tunneling of single electrons across normal-metal-insulatorsuperconductor (NIS) tunnel junctions. 14 Our photon source is based on similar tunneling of electrons across NIS junctions. It does not require any external magnetic fields to operate and can potentially offer a wide dynamic range and robust control of the output power, in contrast to, for example, the one based on tunneling of Cooper pairs across a Josephson junction, 27 the power of which is determined by a sharp resonance condition in its bias voltage. To the best of our knowledge, no microwave photon source based on metallic NIS tunnel junctions has been demonstrated to date.
In this Letter, we report the fabrication and operation of a microwave source driven by singleelectron tunneling through NIS junctions. The experimental setup is extended from that of the first quantum-circuit refrigerator, 14 such that we can measure the power spectrum of the microwave radiation generated in a CPW resonator. The device is fully compatible with low-temperature electronics and offers orders of magnitude electrical tunability of the output power with the frequency corresponding to the lowest mode of the CPW resonator. Our results demonstrate that the effective mode temperature of the resonator can be driven beyond 2.5 K, far above the temperatures of the phonon and electron reservoirs of the system. Thus our source has potential in delivering relatively high powers without the excess heating of other nearby components.
Results

Samples and the measurement setup
The experimental sample shown in Figure 1a -c consists of NIS tunnel junctions capacitively coupled to a half-wave-length superconducting CPW resonator. Figure 1d depicts the layout of the sample and the measurement setup. Microwave photons, which are generated in the resonator at 10-mK phonon temperature, decay to the transmission line which is capacitively coupled to the resonator, and are characterized using a room temperature spectrum analyzer. To estimate the output power generated by controlled electron tunneling without off-sets, we subtract the output power corresponding to zero bias voltage across the superconductor-insulator-normal-metal-insulatorsuperconductor (SINIS) junction from the output power at finite bias voltages. As depicted in Figure 1b , a pair of NIS junctions is used to create the photons, while another pair is used as a thermometer to measure the electron temperature of the normal-metal island 36 (see Supporting Information).
To enhance the interaction between the tunneling electrons and the resonator, we use a large coupling capacitance between the normal-metal island and the resonator, C 3 , in comparison to the tunnel junction capacitance, C J . A small enough coupling capacitance between the resonator and the transmission line is employed to maintain a well-defined resonance described by the loaded resonator quality factor Q ≈ 60. The length of the resonator is chosen to obtain the desired frequency of the output radiation. In this letter, we examine two samples with resonator lengths of L res = 13.14 mm (Sample A) and L res = 6.89 mm (Sample B) which correspond to the fundamental resonance frequencies of 4.55 GHz and 8.32 GHz, respectively.
Principle of photon generation
Photon-assisted electron tunneling is the key phenomenon leading to the photon creation in our experiments. When an electron tunnels across an NIS junction, it can absorb energy from or emit energy to the resonator, that is, annihilate or create photons in the resonator. 25 Figure 1e illustrates single-electron tunneling events across the NIS junctions and the associated photon creation. When the energy provided by the bias voltage to the electron tunneling across the junction, eV B /2, is larger than the superconductor gap parameter, ∆, the photon creation rate increases faster as a function of the bias voltage than the annihilation rate. Thus, the effective temperature related to the creation and annihilation of photons increases. The elastic tunneling does not directly affect the resonator modes but dominates the electric current across the junctions for eV B /(2∆) 1. Figure 2a ,b shows the output power spectrum of our microwave source as a function of the bias voltage for Sample A. We observe a peak in the output power density around 4.55 GHz matching the frequency of the fundamental resonator mode estimated using the experimental parameters given in Table 1 . The output power density increases with the bias voltage for eV B /(2∆) > 1 whereas it is almost vanishing for |eV B /(2∆)| < 1. This onset of output radiation matching the energy gap in the superconductor density of states provides clear evidence that single-electron tunneling is responsible for the observed photon emission. The bias-voltage dependence of the frequency-integrated output power density, i.e., the net output power is shown in Figure 2c . The onset of positive net power is clearly visible at eV B /(2∆) = 1.
Experiments on Sample A
Theoretically, the net output power is related to the average photon numbers of the resonator, n res , and the transmission line,n TL , at the fundamental angular frequency, ω 0 , by (see Supporting Information)
where Z 0 is the characteristic impedance of the transmission line and c res is the capacitance per unit length of the resonator. In our experiments, the resonator mode is in a thermal state, and hence we may describe its average photon numbers using the Bose distribution function as
With a givenn TL , the above equations provide an analytic way of extracting the resonator temperature, T res , and average photon number directly from the output power.
Although we measure only the difference in the output powers at finite and zero bias voltages, we assume for simplicity that the net output power at zero bias voltage vanishes, i.e., here the resonator is thermalized with the tranmission line. This assumption does not lead to changes in the estimated T res , but rendersn TL to describe the cumulative voltage-bias-independent heating effect of the resonator owing to the transmission line and any additional environments (see Supporting Information). Consequently, we refer below to T TL as the apparent transmission line temperature.
Note that the estimated resonator temperature becomes insensitive to changes in T TL at high bias voltages wheren res n TL . Figure 2d shows the resonator temperature and average photon number corresponding to the measured output power in Figure 2c as functions of the bias voltage. These results indicate that the mode temperature and the average photon number can be efficiently controlled using the bias voltage. For eV B > 10∆, we have T res > 2.5 K. Such a high mode temperature is not conveniently achieved by coupling the resonator to a hot resistor due to the transition of the superconducting aluminum, employed as the lead material, to the normal state.
As mentioned above, the electron temperature at the normal-metal island of the NIS junctions is measured using a pair of NIS junctions (see Supporting Information). Importantly, the electron temperature shown in Figure S4b is much lower than that of the resonator mode for almost any bias voltage in Figure 2c ,d. This observation verifies that the microwave radiation observed by the spectrum analyzer directly arises from photon-assisted electron tunneling rather than from heating of the normal-metal island.
Although negative net output power is challenging to differentiate in the measured power spectra, we observe in Figure 2c 
Thermal model
To describe in detail the energy transfer from the tunneling electrons to the transmission line, mediated by microwave photons in the fundamental mode of the resonator, we develop a thermal model shown in Figure 3 . Here, we consider thermal states for the electric components assuming that the temperatures of the resonator mode, T res , and of the electrons in the normal-metal island, T N , are well defined in the parameter range studied. We have verified the validity of this assumption with a model that accounts for transitions between individual resonator states but do not present the model here since it is unnecessarily complicated. Because of the relatively weak coupling between the resonator and the transmission line, we assume that a tunneling electron does not directly induce photon-assisted transitions in the transmission line. Instead, the influence of the tunneling events is indirectly taken into account through the change in the temperature of the resonator mode.
In the thermal model, the power from the tunneling electrons to the resonator, P JR , is calculated using the P(E) theory, 25 as detailed in Supporting Information together with the above-discussed power flow from the resonator to the transmission line, P RT . Both of these powers are functions of the temperature of the resonator mode. The output power into the transmission line is calculated by finding the mode temperature, at which these powers balance, P JR = P RT . The apparent temperature of the transmission line, corresponding to the photons moving towards the resonator and possible additional heating channels, is assumed to be independent of the applied bias voltage. This is justified for the photons by the employed circulator shown in Figure 1d . The experimentally measured electron temperature of the normal-metal island is used in the simulation.
The theoretical results, employing the parameters given in Table 1 , show good agreement with the experiments in a wide range of output powers (see Figure 2c ). In the model, the dip in the output power around eV B /(2∆) = 1 is fully arising from photon absorption induced by electron tunneling. Furthermore, the modelled average number of photons,n res , and the temperature of the fundamental mode, T res , are shown in Figure 2d as functions of the bias voltage.
Experiments on Sample B
Experimental results similar to those discussed above are shown in Figure 4 for Sample B. 
Discussion
In conclusion, we have measured the spectrum of microwave radiation generated by photon- 
Methods
Sample fabrication
The experimental sample shown in Figure 1a -c is fabricated on a high-purity 500-µm-thick silicon wafer. The silicon substrate is passivated with a 300-nm-thick thermally grown silicon dioxide.
The half-wave-length superconducting CPW resonator is defined with photolithography and reac- 
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Parameters
The fundamental resonance frequency of a homogeneous half-wavelength CPW resonator of length L res is given by
where the speed of light in vacuum is denoted by c and the effective relative permittivity of the resonator by ε eff . The CPW capacitance c res and inductance l res per unit length can be expressed as 37, 38 c res = 4ε 0 ε eff
where K is the complete elliptic integral of the first kind and
depend on the width of the center conductor w, and on the separation between the center conductor and the ground plane of the CPW resonator s. We calculate c res and l res in Eq. (S2) using Eqs. (S1) and (S3) and the measured values for f 0 , L res , w, and s given in Table 1 . We neglect the kinetic inductance because it is sufficiently smaller than the geometric inductance in Eq. (S2), 38 although in principle, the total inductance per unit length is the sum of the geometric and the kinetic contributions. The resonance frequency calculated using Eq. (S1) and the analytic form of ε eff for an unshielded CPW 37 has less than 1% difference from the measured value for Sample A and about 4% deviation for Sample B. The characteristic impedance Z 0 of the transmission line is obtained from Z 0 = l res /c res .
Capacitances C k for k ∈ {1, 2, 3, 4} are estimated using
where A k is the area of the parallel-plate capacitor, the permittivity of the aluminum oxide dielectric is denoted by ε ≈ 9.8×ε 0 , where ε 0 is the permittivity of vacuum, and d = 50 nm is the thickness of the aluminum oxide layer. The capacitance density used for C J is 75 fF/µm 2 . The tunnel junction area is approximately 200×200 nm 2 inferred from the SEM image of the sample.
In the absence of an electromagnetic environment, the current through an NIS junction is given by
where T N is the electron temperature of the normal-metal island obtained using the thermometer junctions. The superconductor density of states n S is represented by
where γ D is the Dynes parameter 15 and f is the Fermi-Dirac distribution function
The tunnel resistance R T , the Dynes parameter, and the superconductor gap parameter ∆ are obtained from a fit of Eq. (S5) to measured junction IV characteristics.
Apparent transmission line temperature
In our thermal model in Figure 3 , the resonator is thermally connected only to the transmission line and to the tunneling electrons. Due to the simple way the transmission line heats the resonator given by Eq. (1) Since the power arising from the photon-assisted tunneling is negligible at zero bias voltage, we have P RT = 0 in Eq. (1), and hence T res = T TL at zero bias. Thus if we find T TL at any bias voltage, we obtain the temperature and the average photon number of the resonator at zero bias.
Consequently, we obtain these quantities at any bias voltage using Eq. (1) and the directly measured power change between the finite and zero bias points.
We use the bias point, at which the measured power change crosses zero, as the calibration voltage for T TL . Here, the net output power given by Eq. (1) and hence the temperature of the resonator coincides with that at zero bias. Thus the power arising from photon-assisted tunneling, P JR , must vanish. As we show in the next section, this calibration point is independent of many of the sample parameters such as the tunnel resistance, R T . It is also independent of the gain of our amplification chain. Thus our model accurately yields the resonator temperature at the calibration point which equals the apparent transmission line temperature.
Energy transfer between tunneling electrons and the resonator
The electron tunneling may lead to creation and annihilation of photons at the resonator giving rise to the power transfer P JR in Figure 3 . To this end, we employ the P(E) theory which has been developed to obtain the electron tunneling rates across tunnel junctions and the resulting energy transfer to the environment. 25 In terms of the P(E) theory, the environment refers to the electrical degrees of freedom which are coupled to the tunneling process.
The power transfer to the environment strongly depends on the electrical impedance of the system. A simplified electrical circuit diagram of our system is depicted in Figure S1a . The first harmonic mode of the CPW resonator is modeled as a parallel LC circuit with capacitance
We assume that the electron tunneling event on either of the junctions is hardly affected by another junction because of a small junction capacitance C J and large tunneling resistance R T , and that the direct influence of the transmission line to the electron tunneling is neglected due to a relatively small coupling capacitance C 4 . Thus, we consider a pair of separate effective circuits depicted in Figures S1b,c to calculate the tunneling rate at each NIS junction. We assume that the resistance of the normal-metal island is small enough to be neglected because it is in series with the small junction capacitance, and hence negligible current flows through it with respect to Ohmic losses.
The power from the tunneling electrons to the environment is represented by
where the powers caused by the forward and the backward electron tunneling events at each junc-tion are given by 25
respectively. Here, T S and T env denote the temperatures of the superconductor and of the environment, respectively. The factor of two in Eq. (S8) arises from the fact that the two effective circuits in Figure S1b have an identical contribution to the power. The probability density P(E) for the environment to absorb energy E during a tunneling event is expressed as 25
where
and
In P(E) theory, the effective impedance Z t in Eq. (S11) is the impedance of the external circuit Z 1/2 in parallel with C J . The influence of C J , which is approximately 3 fF C 1/2/3 , to the effective impedance is neglected in Eq. (S12) because Z t is dominated by Z 1/2 . The influence of C 1/2 is also negligible because it is more than 50 times larger than C 3 and approximately cancel out in Eq. (S12).
Note that the environment consists not only of the resonator but also of the capacitors C 1/2/3 .
Finite C 1/2/3 broadens the peaks of P(E) which become delta functions in the limit of infinite Figure S2a shows P(E) of Sample A for various T res at eV B /(2∆) = 1.2, where we assumed T env = T res . The peaks at E =hω 0 ≈ 0.09 × ∆ and E = −hω 0 ≈ −0.09 × ∆ correspond to the emission and absorption of a single photon from the resonator, respectively. The high peak at E = 0 corresponds to the elastic tunnelling. We assume that only the peaks at |E| = ±hω 0 contribute to P JR . Thus, only a part of P env contributes to P JR . We compute P JR using Eqs. (S8) and (S9) where we first replace P by
As shown in Figure S2a , the peaks become broader with increasing T res . The center peak and the side peaks are not well separated for high T res . Thus, the numerical results of Sample A may have considerable error beyond eV /(2∆) = 1.4 corresponding to T res > 500 mK [see Figure 2d ].
The minor discrepancy between the numerical and experimental results in Figure 2c is attributed to this fact. Figure S2b shows the dependence of P(E) on the coupling capacitance C 3 . The peak becomes narrower for larger C 3 due to the increasing coupling strength between a tunneling electron and the resonator.
Energy transfer between the resonator and the transmission line
Let us study a model for the energy transfer between a CPW resonator and a transmission line which are mutually capacitively coupled as shown in Figure S3 . First, we model the transmission line as a CPW resonator of finite length and finally extend the length to infinity. The electrostatic energy of the coupling capacitor C 4 is given by the voltage difference between the resonator and the transmission line as C 4 (V TL −V res ) 2 /2, where V res and V TL are the voltage of the resonator and the transmission line at the capacitor, respectively. Thus, the interaction Hamiltonian between the resonator and the transmission line is represented aŝ
The voltage operators of the resonatorV res and of the transmission lineV TL are represented aŝ (l TL ) . Above, we have assumed that C 4 is so small that its effect on ω res/TL and the operators may be neglected.
We employ a basis composed of the energy eigenstates of an uncoupled resonator-transmissionline system. Assuming weak coupling, we may estimate the transition rate from an energy eigen- 
where we omitted the terms proportional toâ † Mb † N andâ MbN which do not contribute to the transition rates in Fermi's golden rule. We first consider the case where a photon in the Ith mode of the resonator is annihilated and a photon in the Jth mode of the transmission line is created, i.e., we only consider the term −C 4 V (res) I V (TL) Jâ Ib † J in Eq. (S15). Consequently, the probability P i f (t) that we find the state | f at time t starting from |i is given by Fermi's golden rule as Let us calculate the probability P 
Next we sum with respect to J in the limit where L TL extends to infinity. Thus, we replace the discrete summation over J by an integral with respect to energy using the relation
. Using Eq. (S18) to sum over J in Eq. (S17), the probability of a photon in the Ith mode to decay given the initial state |i is represented by
where Z 0 = l TL /c TL and we have introduced a notation m ω := m I and n ω is the photon number in the initial state of the transmission line corresponding to the mode with angular frequency ω :=
Considering all the possible initial states with different photon numbers, the probability of annihilating a photon in the resonator mode I, P
I , may be represented as
where the average photon numbers with angular frequency ω in the resonator and the transmission line are denoted bym ω andn ω , respectively. Here, p m ω (p n ω ) is the probability that there are m ω (n ω ) photons with angular frequency ω in the resonator (transmission line) in the initial state.
Hereafter, we replace P
for simplicity of notation. Thus, the rate that photons in the resonator with the energyhω transfer to the transmission line is obtained as
In the same manner the photon transition rate from the transmission line to the resonator is obtained as
The total power from the resonator to the transmission line mediated by the photons with angular frequency ω is represented with the photon numbers in the resonator and the transmission line as
In the thermal state, we havem
and hence
owing to Eq. (S23).
Thermometry
A pair of current-biased NIS junctions is used as a thermometer as illustrated in Figure 1b 
where we replaced P(E − E , T env ) by δ (E − E ) because in our case, the current is dominated by the elastic electron tunneling. Here, we neglect the dependence of I th on T S justified by k B T S ∆. than the theoretical ones at T 0 < 100 mK since the electrons thermally decouple from the phonons leading to a saturation of the electron temperature. 15 Neverthless, the theoretical model can be used to convert the measured V th to T N even in this temperature range and under finite V B . Figure S4b shows the measured T N for several bias voltages obtained using the calibration data in Figure S4a . 
